RZ2109 is the first of several extragalactic globular clusters shown to host an ultraluminous X-ray source. RZ2109 is particularly notable because optical spectroscopy shows it has broad, luminous [OIII]λλ4959,5007 emission, while also having no detectable hydrogen emission. The X-ray and optical characteristics of the source in RZ2109 make it a good candidate for being a stellar mass black hole accreting from a white dwarf donor (i.e. an ultracompact black hole X-ray binary). In this paper we present optical spectroscopic monitoring of the [OIII]5007 emission line from 2007 to 2018. We find that the flux of the emission line is significantly lower in recent observations from 2016-2018 than it was in earlier observations in 2007-2011. We also explore the behaviour of the emission line shape over time. Both the core and the wings of the emission line decline over time, with some evidence that the core declines more rapidly than the wings. However, the most recent observations (in 2019) unexpectedly show the emission line core re-brightening.
INTRODUCTION
RZ2109 is a globular cluster associated with the elliptical galaxy NGC 4472, and is host to a stellar mass black hole candidate. The X-ray source, XMMUJ122939.7+075333, associated with RZ2109 is ultraluminous (∼ 10 39 erg s −1 ) and highly variable, with the count rate dropping by a factor of seven in only a few hours ). Optical spectroscopy obtained by Zepf et al. (2007) revealed a very broad and luminous [OIII] λλ4959,5007 emission lines, with a velocity width of around 2000 km s −1 . The oxygen emission is also variable (Steele et al. 2011) . RZ2109 is the only globular cluster associated with NGC 4472 to show [OIII] 5007 emission, which places constraints on geometric beaming of the system. If the large X-ray luminosity were produced by strong beaming effects, it would be likely that there would be several sources with strong [O III] whose E-mail: kcdage@msu.edu X-ray emission was beamed away from our line of sight (see Peacock et al. 2012a , for more detail).
Not only is the [OIII] emission in RZ2109 broad, but Peacock et al. (2012b) found that the oxygen emission line is spatially resolved by HST, which implies that there is an oxygen nebula within the cluster with a size scale of ∼5±2 pc. Such a large size for the nebula negates a previous hypothesis that this oxygen emission is due to ionised nova ejecta that is serendipitous in a globular cluster with a bright X-ray source as suggested by Ripamonti & Mapelli (2012) , as the nova ejecta shell required to produce only [OIII] emission must be at least an order of magnitude smaller. All evidence points to the [OIII] emission being associated with an outflow powered by the ultraluminous X-ray source. Steele et al. (2014) modelled the emission line nebula and found that the material is hydrogen-depleted, and that the emission from the material is consistent with accretionpowered outflow driven by a white dwarf donor being accreted onto a black hole, making XMMUJ122939.7+075333 (hereafter RZ2109) one of the very few candidate ultracompact X-ray binary (UCXB) systems in a globular cluster. UCXBs are hydrogen deficient systems with a white dwarf donor and either neutron star or black hole accretor, and typically have very short orbital periods of 80 minutes or less (see van Haaften et al. 2012; Heinke et al. 2013) .
In addition to being a strong black hole UCXB candidate, the RZ2109 source is also one of the few known stellar mass black hole candidates in a globular cluster (Peacock et al. 2012b; Dage et al. 2018) , and possibly the brightest one. Recent theoretical work has shown that GCs are likely to host BHs, and even suggests that black holes drive the whole dynamical evolution of clusters, (e.g. Kremer et al. 2019) , so it is not surprising studies are starting to find them, even if their signatures are challenging to observe. Currently there are a handful of accreting black hole candidates in Milky Way globular clusters (Strader et al. 2012; Chomiuk et al. 2013; Miller-Jones et al. 2015; Shishkovsky et al. 2018) , and there is one dynamically-confirmed black hole candidate in which there is no evidence for accretion (Giesers et al. 2018 ). There are a handful of other black hole candidates in extragalactic globular clusters, including globular clusters in NGC 1399, NGC 4472 and NGC 4649 (Shih et al. 2010; Irwin et al. 2010; Maccarone et al. 2011; Roberts et al. 2012; Dage et al. 2019) . Unlike the Milky Way sources, this extragalactic population of globular cluster black hole candidates are all ultraluminous X-ray sources (ULXs), and are likely exhibiting a very different accretion regime than their very much closer analogues. Some ULXs were found to exhibit coherent pulsations (e.g. Bachetti et al. 2014) , implying that the compact objects in the binary are neutron stars. Many models for neutron star ULXs also involve extremely high magnetic fields (Brightman et al. 2018 ). These may be plausible for recently formed neutron stars in star forming regions in the field, but implausible for the old stellar populations of globular clusters. The best physical explanations for these systems requires significant beaming (King et al. 2017) , which has been ruled out for RZ2109 (Peacock et al. 2012a ), see also Dage et al. (2019) .
Of the extragalactic systems, RZ2109 is the best studied, having been monitored long-term in both X-ray and optical. Studying this system can address questions about the evolution of black holes in globular clusters, and shed light on the nature of black holes in globular clusters, as simulations predict their presence (e.g. Morscher et al. 2013 Morscher et al. , 2015 Rodriguez et al. 2016) . The nature of black holes in globular clusters has become increasingly relevant in light of the LIGO discoveries, as globular clusters are one possible source for the progenitors of the merging black hole binaries detected by LIGO (Abbott et al. 2016) . In fact, recent simulations suggest that multiple generations of black hole binaries can form in globular clusters .
In this work, we present new optical spectroscopy of RZ2109 from 2011 to 2018 and add to the Steele et al. (2011) study of the optical variability beginning in 2007. RZ2109 is also highly variable in X-ray Shih et al. 2008) . The X-ray source, which is likely to drive the ionisation of the oxygen nebula (Peacock et al. 2012b ) has been monitored long-term in X-ray, from 2000-2016 (Dage et al. 2018) . We compare the variability of the flux of the oxygen line to the X-ray variability from Dage et al. (2018) to search for a link between the variability in both wavelengths. Section 2 describes the data and analysis. The implications of these measurements on the size scale of the system in Section 4, and Section 6 discusses the impact of these results.
OPTICAL DATA AND ANALYSIS
Optical spectra have been obtained for RZ2109 since 2007. Previous observations have been reduced and presented in Steele et al. (2011) : it was observed with Keck in 2007 (GMOS) and SOAR/Goodman High Throughput Spectrograph(GHTS), and are described in more detail below. The data were reduced using IRAF (Tody 1986 (Tody , 1993 .
Gemini
Data were taken using GMOS on Gemini South (Hook et al. 2004 ) under observing program GS-2011A-Q-41. Data from both programs span a wavelength range of 4134Å to 5765Å, with a B1200 grating, resolution R=3744 1 , and a 1.0 slit. Data for GS-2011A-Q-41 were taken on UT 2011 UT -05-01, 2011 UT -05-02, 2011 UT -05-04, and 2011 . RZ2109 was observed on Gemini South in 2015 (GS-2015A-Q-1), however, the 2015 data suffered significantly from defects on the detector which severely impacted the utility of these observations.
SOAR
RZ2109 was observed on the 4.1 m Southern Astrophysical Research Telescope (SOAR) using the GHTS (Clemens et al. 2004) on UT 2012 UT -03-14, 2016 UT -03-14, 2018 UT -03-14, 2018 UT -03-15, 2019 UT -04-06 and 2019 . The observations were taken using the 0.95 longslit (0.95 in 2018 and 2019), with the SYZY 930 grating. The resolution is R ∼ 1500. It was also observed on 28-04-2019 and 02-05-2019 with a higher resolution (1200 l/mm) grating and 0.95 longslit.
Equivalent Width Measurement
We develop a method in python to measure the equivalent width of the [OIII] emission of the un-normalised spectra in the following manner: we select spectral bandpasses with wavelengths longer and shorter than that of the [OIII] emission and which are relatively featureless and hence good indicators of the cluster continuum. An average value is drawn from two regions, a lower region of 4800-4875Å , and an upper region of 5100-5175Å 2 . Out of these two regions, we 4600 4700 4800 4900 5000 5100 5200 5300 5400
Wavelength ( randomly select 25Å wide regions over which to average. Similar to Steele et al. (2011) , we measure the [OIII] emission between 4964Å and 5058Å (due to the breadth of the emission lines -∼1475 km s −1 , Zepf et al. 2007 ).
We adopt the average value in the bluer range as the continuum value at 4964Å , and the average value in the redder range as the continuum value at 5058Å , and fit a straight line across the broad emission region. The very much lower S/N 2009 and 2012 SOAR spectra were smoothed with a 1D box filter 3 . Figure 1 shows one example for the 2009 Gemini spectrum. We calculate the equivalent width, and to estimate uncertainties, repeat this process 100 times, randomly drawing different regions to calculate the continuum values from. The final reported equivalent width is the average of all these trials, and the error comes from the standard deviation.
The equivalent width of RZ2109 has been measured in Steele et al. (2011) from observations spanning from 2007-2012, taken with Keck, WHT, SOAR, and Gemini. We also confirm our measurements by remeasuring a subsample of the spectra from Steele et al. (2011) . The data are presented in Table 1 .
Normalisation of the Spectra
All further analysis in this paper is based off of the higher resolution Keck, SOAR and Gemini observations. The spectral resolution of the 2009, 2011 Gemini spectra are within about 20% of the 2016, 2018 and 2019 SOAR spectra. We normalise these spectra with respect to the Keck spectrum 3 http://docs.astropy.org/en/stable/api/astropy. convolution.Box1DKernel.html Wavelength ( (which has been flux calibrated) using the following procedure (in python) 4 : we calculate a moving average across 4500Å to 5500Å , but ignores 4940Å -5100Å in order to mask the [OIII] emission 5 . Then we fit a 5th order polynomial to the smoothed continuum. We divide the fitted Keck slope by the SOAR or Gemini slope to find the relative normalisation as a function of wavelength and apply it to each spectrum. The normalised spectra are presented in Figure  2 .
3 X-RAY DATA AND ANALYSIS RZ2109 was observed by Chandra for 30 ks on 2019-04-17 (ObsID 21647), and was followed up by a series of shorter Swift-XRT observations triggered after the observed rise of the optical luminosity.
Chandra
RZ2109 was detected in the latest Chandra observation, with 7 source counts against a background of 2 counts detected in a 3.5" radius region in the 0.3-10keV energy range, making this a 3 σ detection (Gehrels 1986 ). Similar to Dage et al. (2018) , the source was extracted with CIAO version 4.10 using the dmextract tool (Fruscione et al. 2006 ) and binned by counts of 1. We fit the resultant spectrum with xspec (Arnaud 1996) , using Cash statistics (Cash 1979) to fit, and Pearson Chi-Squared as the test statistic, with solar abundances from Wilms et al. (2000) . While RZ2109 is typically best-fit by an absorbed two component disk plus power-law model (Dage et al. 2018) , given the poor statistics and low number of counts, an absorbed power-law model (tbabs*pegpwrlw, with the hydrogen absorption column fixed to 1.60 6 ×10 20 cm −1 ) was the more appropriate choice. We caution that it is not justifiable to interpret any best fit spectral parameters physically, due to low count numbers, and we fit solely to estimate the X-ray luminosity. The best fit flux was 2. . The X-ray luminosity 7 of this observation in 0.2-10 keV extended energy range calculated using PIMMS 8 and a power-law index of 3.0 is 2.0 +5.3 −0.7 ×10 38 erg s −1 .
Swift/X-Ray Telescope
Swift/XRT data on RZ2109 were taken in three epochs in November and December 2007, March 2010, April and May 2019. We reprocessed all Swift/XRT data using xrtpipeline (HEASoft 6.25). The source was not detected in any individual observations, thus we merged observations in each epoch (using Xselect) and investigated source brightness. The source was detected at ∼2-sigma significance in 2007, but was not detected in 2010 or 2019. The X-ray luminosities from 0.2-10 keV are presented in table 2.
RESULTS: TIME BEHAVIOUR OF [OIII] EMISSION
Based on the observed changes in the [OIII] emission, we can consider possible implications these changes over time would 6 http://cxc.harvard.edu/toolkit/colden.jsp 7 Assuming a distance of 16.8 Mpc (Macri et al. 1999 
Time Evolution of the [OIII] emission
We have been monitoring the [OIII]λλ4959,5007 emission of RZ2109 since 2007 to examine how the emission has changed over time, and how changes in the optical emission compare to any changes in the X-ray luminosity. Figure 3 plots the full [OIII]λ5007 equivalent widths from Steele et al. (2011) and Table 1 to the X-ray luminosities of RZ2109 taken from Maccarone et al. (2010) , Dage et al. (2018) , and Table 2 . One of the goals of this work is to use these data to constrain the size of the [OIII] emitting nebula. From Figure 3 it is clear that the [OIII]λ5007 luminosity decreases by about a factor of two over a timescale of about 3,000 days. Because the light crossing time of the emitting region provides a rough lower limit to the timescale on which the emission can be seen to vary, the data shown in Figure 3 place an upper limit on the size of the emitting region to be about four light years across. This approach gives an upper limit to the size of the emitting region, but does not provide further information about its size. An alternative approach is to assume the observed decline in the emission line is due to the oxygen nebula expanding and lowering the overall density of material by a factor of two while the central source remains constant. Given this assumption the size scale can be estimated based on the following equations:
Adopting eight years as the time over which the emission is seen to decline and an expansion rate for the emitting region of 1000 km/s (approximately one half the line width), we find that under these assumptions, the current size scale would be roughly 0.04 pc. We can also compare this to the absolute lower limit for the size of the emitting region set by the volume required at the critical density of the [OIII]λ λ4959,5007 emission line required to produce the observed line luminosity. As also shown in (Steele et al. 2011) , this minimum size is a few 10 −3 pc. The half-light radius of the emitting region could be limited to greater than ∼ 10 −3 pc at the low end and ∼2 pc at the high end.
Time Evolution of the Core and Red and Blue Wings of the Emission Line
Differential behaviour between the red and blue wings of the observed [OIII] emission can also provide a constraint on the size scale of the nebula. We will observe changes in the red wing which should lag changes in the blue wing due to the difference in light travel time between the material moving toward us and material moving away. Any such change is convolved with possible changes in the structure of the Table 1. emitting region, but such a comparison may still provide a useful test of the consistency of models of the spatial scale of the nebulae.
To estimate this possible lag, we utilise the work of Steele et al. (2014) who modelled the structure of the λ5007 emission region and found that it is best described by a Gaussian core with red and blue shifted wings. We compute the equivalent widths in the wings and the core of the emission line in the normalised spectra by defining three regions: 5006-5026Å as the blue wing, 5026-5037Å as the core, and 5037-5057Å as the red wing (see Figure 4) . We calculate the errors by extending the regions by 2Å on either side, recomputing the equivalent width and taking the difference. The λ4959 core emission was measured across 4978-4989Å , the same width of region as the λ5007 emission core, but centered around the λ4959 core. The uncertainty was propagated by recomputing the equivalent width for a range of continuum values.
As can be seen in Figure 5 while all three structures appear to decay with time, they do not appear to do so in concert. At most epochs, the red emission wing is brighter than the blue wing, but fainter than the core. However, in the past two years, the core continued dropping, then rose, while the red wing seems to have possibly flattened and the blue wing appears to continue to fade. The changes in the core are highly significant compared to the measurement uncertainties, but this is not the case for the wings. Both the λ4959 and λ5007 core emission follow the same trend ( Figure 6 ).
As noted above, if the decline of the observed [OIII] flux is due to the central ionising source declining, and the timescale over which it declines is indicative of the size scale of the emitting region, then the red wing of the emission line should lag the behaviour of the blue wing of the emission line, and the time lag should be similar to the overall spatial scale of the emitting region. Based on the data presented in Figure 4 , the red wing may lag the blue wing by around 2500 days (∼ 7 years). This is similar to the size scale derived from the time it takes the overall luminosity to decline by a factor of two. We note that these two measurements are independent -the overall luminosity could decline without any difference in the red and blue wings, or without the red wing being consistent with lagging the blue wing. However, it remains the case that one can construct smaller size scale models where the changes are due to the structure of emitting regions and not due to light travel times.
These implications are a contrast to the spatially resolved HST-STIS spectroscopy analysed by Peacock et al. 2012b . In this work, the HST-STIS spectroscopy appeared to be spatially resolved, with the emitting region having an extent of 5 ± 2 pc. The variability results appear to suggest a spatial scale on the low end of this very difficult measurement.
X-ray Behaviour Versus [OIII]
Any relation between changes in the X-ray and [OIII] λ5007 luminosities can be tested by monitoring RZ2109 in both Xrays and [OIII]λλ4959,5007 emission. RZ2109 has been ob- served in both of these wavelengths for more than a decade. In particular, if the optical emitting region is of order a parsec in size, any change observed in the ten or so years we have been observing it must be due to changes in the central X-ray source illuminating the region, as such a large region can not change its structure so quickly. In this case there should be a correlation between the X-ray flux averaged over the light travel time of the system and the [OIII] λ5007 flux. Figure 3 compares the full equivalent widths from Steele et al. (2011) and Table 1 to the X-ray luminosities of RZ2109 taken from Maccarone et al. (2010) , Dage et al. (2018) , and new data presented in this paper (Table 2) .
Ideally, we would compare the time changes in the Xray luminosity to those of the [OIII] λ5007 luminosity to help distinguish between these possibilities for the size of the [OIII] λ5007 emitting nebula. Fundamentally, because the X-ray emitting region is orders of magnitudes smaller than the [OIII] λ 5007 nebular emitting region for any physically plausible model, the [OIII] λ 5007 emission should lag changes in the X-ray emission by a time comparable to the light crossing time of the [OIII] λ 5007 emitting nebula. In order to carry out this test, we need to establish the effective L X seen by the [OIII] λ 5007 emitting region on the relevant timescales of months to years. However, determining the effective L X over longer time periods is made difficult by the widespread short-term variability of RZ2109, so that any Xray observation may not give a representative value for the L X at that time. Given this caution it is still notable that the observed L X in the top panel of Figure 3 suggest an overall decline of the L X of RZ2109.
Rise in [OIII] Emission
While the [OIII] emission has been observed in a long-term decline since 2010, in April 2019 the flux in the core was observed to be increasing. Subsequent measurements approximately a month later with a higher resolution grating verify the observed increase (See Figure 7) . A close up of the spectrum from 2016-2019 is shown in Figure 8 to highlight the decline and rise of the emission line.
COMPARISON TO MILKY WAY GC SOURCES
There is one candidate globular cluster BH UCXB candidate among Galactic globular clusters, 47 Tuc X9. This source has L X ∼ a few ×10 33 erg s −1 , but unlike typical compact binaries in of this luminosity, also shows bright radio continuum emission (Miller-Jones et al. 2015) . X-ray timing suggests an orbital period about 28 min, and the X-ray spectrum shows emission lines consistent with Oxygen VII and VIII and indicates overabundance of oxygen (and possibly carbon) in the system. (Bahramian et al. 2017 ), but no evidence for optical hydrogen or helium emission/absorption (Tudor et al. 2018) , suggesting a CO white dwarf donor, as inferred for RZ2109. Carbon emission lines were also detected in the FUV spectrum (Knigge et al. 2008 be in a relatively brief period (∼ 10 5 yr) of high mass transfer but will evolve to a fainter, more extended (∼ 10 7 -10 8 yr), longer period system akin to 47 Tuc X9 (van Haaften et al. 2012; Church et al. 2017) . We can also consider whether the size scale of the RZ2109 nebula and its implications for the age of the system are consistent with such a scenario. If the size of the RZ2109 nebula is on the order of a parsec, then the system has to be old enough so that the outflowing material can reach this radius. At the observed outflow velocity of about 10 3 km/s, this corresponds to an estimated age of about 10 3 years. Alternatively, if the system is much smaller with a size of 10 −1 − 10 −2 pc, then the age can be correspondingly younger. These are formally lower limits to the age of the system, as the system could have been expanding for longer, and the size scale of the emitting nebula could not be the fullest extent of the ejected material but rather where the density and ionisation parameter are such that it where most of the [OIII] is produced. Therefore, age constraints from the size estimates for the nebula are readily consistent with an age much less than the 10 5 years duration of this evolutionary stage, although they do not absolutely require it.
There is also good reason to believe that the early evolution of the system leads to strong mass ejection. A CO WD donor, as implied by the optical and X-ray data, must have had an initial mass of at least 0.4 M (Prada Moroni & Straniero 2009), and white dwarfs at or about this mass will require non-conservative mass transfer with strong wind emission to remain in stable mass transfer (van Haaften et al. 2012 ). Thus there is both a mechanism to drive oxygen into a nebula and sufficient time for it to reach the size scales we estimate.
CONCLUSIONS
RZ2109 shows very broad [OIII]λλ4959,5007 emission, which is also variable. We have been monitoring it with multiple telescopes since 2007 and find that the emission has declined over the last nine years of monitoring. Clausen & Eracleous (2011); Clausen et al. (2012) model the X-ray and optical behaviour of an intermediate mass black hole tidally disrupting a white dwarf. The decline of the [OIII] luminosity predicted in the model in Clausen & Eracleous (2011) happens much more quickly than what we observe here. Similarly, RZ2109 is declining on a much slower timescale than predicted by the model from Ripamonti & Mapelli (2012) of a serendipitous bright X-ray source and nova shell ejection. It is also unlikely that these two unique phenomena are serendipitous in the same cluster.
The oxygen emission is likely caused by X-ray ionisation of the oxygen nebula in the cluster, therefore we expect a link between the X-ray variability and oxygen emission. However, due to the large size of the nebula, it is unclear over what timescales a potential link between the X-ray and optical variability would be observed. The similarity of the declines between both the [OIII] core and the red and blue high velocity wings are an interesting challenge to models of the physical origin.
While there may be a hint of a correlation between Xray luminosity and optical flux, future monitoring in X-ray and optical of RZ2109 could help determine if this really is the case. Future optical monitoring of RZ2109's [OIII] emission line can help address whether the oxygen emission will continue to decline, and how the broad and narrow components of the [OIII] emission vary.
